Abstract Various symmetrical and unsymmetrical ketones were successfully coupled with secondary amino acids in the course of Ugi five-center, four-component reaction (U-5C-4CR), thus expanding the molecular diversity possible to be achieved by the reaction. The chemical yields depended on the degree of hindrance of the components employed and were satisfactory in view of possible steric interactions in the U-5C-4CR zwitterionic intermediate. The sense of diastereoinduction for reactions employing unsymmetrical ketones was examined by converting the resulting Ugi adducts into the corresponding rigid 2,6-diketopiperazine derivatives.
Introduction
Over the past several decades, multicomponent reactions (MRCs) have become attractive tools in modern synthetic organic chemistry. Among their many advantages, they allow the creation of large chemical libraries of diverse, complex molecular structures, starting from simple materials within a short time frame. Not surprisingly, these particular features have made MCRs especially appealing to medicinal chemists [1] [2] [3] [4] [5] [6] . The well-known Ugi four-component reaction (U-4CR, Scheme 1) is one of the most widely used isocyanide-based multicomponent reactions (IMCRs). The classical variant of U-4CR comprises a one-pot sequential condensation of an amine, a carbonyl compound, an isocyanide and a carboxylic acid, to produce a linear, peptidelike adduct with high yield and high atom economy [7] [8] [9] . Since its discovery in 1959, the U-4CR has received growing attention for its potential to quickly assemble complex molecules. Initially, use of U-4CR in this capacity was restricted by limited availability of various isocyanide components. Since then, these components, including the so-called 'convertible' isocyanides [10] [11] [12] [13] , have become readily available, expanding the molecular diversity that can be achieved using the reaction.
Numerous variants and post-condensation modifications of the original U-4CR have emerged [14] [15] [16] [17] [18] . One of them is an Ugi five-center four-component reaction (U-5C-4CR, Scheme 1), which differs from the parent U-4CR not only in the number of reacting functional groups, but also in its mechanism. It is based on the condensation of a carbonyl compound, an isocyanide, a nucleophile and an amino acid as a bifunctional component. The reaction is initiated by the reversible formation of the zwitterionic imine I from the amino acid and carbonyl components. The subsequent addition of the isocyanide and intramolecular addi- tion of the carboxylate give the cyclic intermediate II, which undergoes irreversible nucleophilic attack to form the 1,1 -iminodicarboxylic acid derivative III. It is important to note that reaction usually proceeds with high diastereoselectivity if a chiral amino acid is used as an input [19] .
Despite its high potential to generate interesting adducts for medicinal chemistry purposes, U-5C-4CR variant has received less attention when compared to parent U-4CR. The reaction has been applied to α-and β-amino acids, aldehydes, ketones, isocyanides and simple alcohols [19] [20] [21] [22] [23] [24] [25] . However, while ketones have been reported to react successfully with primary amino acids in the course of the U-5C-4CR and related Ugi five-center three component reaction (U-5C-3CR) [21, 23, 26, 27] , their condensation with secondary amino acids has not been explored. Arguably, these coupling partners can be regarded as insufficiently reactive because of possible steric interactions in the initial imine zwitterionic intermediate of the postulated reaction mechanism (Scheme 1). Further, conversely to the condensations of primary amines or amino acids, in case of secondary amino acids the imine intermediates can not be preformed.
Recently, we described the application of U-5C-4CR adducts derived from aldehydes and secondary amino acids as intermediates for biologically active 2,6-diketopiperazine (2,6-DKP) derivatives [28] . Encouraged by the wide substrate scope of U-5C-4CR encountered, we decided to investigate the possible use of various aliphatic ketones as carbonyl inputs for the condensations with secondary amino acids. Since U-5C-4CR of an enantiopure amino acid and an unsymmetrical ketone proceeds with the formation of a new stereogenic centre, we investigated the degree and the sense of diastereoinduction.
Results and discussion
We chose L-proline, acetone, tert-butyl isocyanide and methanol as model inputs for preliminary experiments (Table 1) . Propitiously, the Ugi product 1a formed with an acceptable yield, after 1 day, at room temperature, without use of any catalyst (Entry 1). When the reaction time was prolonged to 3 days (Entry 2), the yield improved, indicating that U-5C-4CRs of secondary amino acids with ketones might require longer completion times than analogous processes for aldehydes. The reaction was inhibited by addition of 1 eq. of an organic base (Entry 3), whereas a significant improvement of chemical yields was achieved with catalytic amounts of Lewis acids . TiCl 4 proved superior to FeCl 3 and was chosen for further studies. Neither increasing the time of the catalysed reaction to 5 days (Entry 6) nor performing the reaction at the lower (−20 • C) or higher (50 • C) temperature (Entries 7-8) improved the reaction yield.
With the optimized reaction conditions in hand (Table 1 , Entry 5), we initiated investigations of the substrate scope and limitations of the U-5C-4CR of secondary amino acids and ketones (Fig. 1) .
We initially examined symmetrical ketones as coupling partners for L-proline, tert-butyl isocyanide and methanol (Fig. 2) . Chemical yields ranged from 0 to 61 % and were largely dependent on the steric properties of the ketones employed. The highest yield was achieved for the derivative of the least bulky acetone, 1a; however, when the aliphatic side chains of the ketone were expanded with methyl groups in 1b, a markedly lower yield was observed. Given these results, we were surprised to see no further drop of yield when using more sterically hindered dibenzyl ketone for 1c. No desired product was formed when α-branched diisopropyl ketone was used as a substrate. 1 The results obtained for 1a-d indicated that the outcome of U-5C-4CR is determined by the degree of steric hindrance 1 In cases where either no U-5C-4CR products were formed or low yields were observed, the starting materials could be recovered from the post-condensation mixtures. No side products were detected.
around the α-carbon of the ketone. This finding could be explained by unfavourable steric interactions of the alkyl groups of the carbonyl component with the carboxylate in the zwitterionic imine intermediate (Fig. 3) . These interactions were markedly more pronounced for α branched ketones. In agreement with this elucidation, less conformationally strained cyclic ketones gave adducts 1e-h with chemical yields comparable to those obtained for acetone.
Aware of the possible unfavourable steric interactions in the U-5C-4CR intermediate, we next investigated the influence of the steric hindrance of the isocyanide component on the outcome of the condensation (Fig. 2, adducts 1i-l) . A decrease in the steric hindrance of the isocyanide had an enhancing effect only when bulky ketones were employed as substrates. Thus, no significant enhancement was observed when tert-butyl isocyanide was replaced by tosylmethyl (product 1i) or n-butyl (product 1j) isocyanide as a coupling partner for unbulky cyclopentanone. On the contrary, when the more bulky and flexible dibenzyl ketone was reacted with n-butyl isocyanide (product 1k), the chemical yield increased more than twofold compared with the analogous reaction for 1c. Again, no adduct was formed when diisopropyl ketone was used as a substrate.
Other secondary amino acids were coupled with symmetrical ketones producing adducts 1m-t, with chemical yields ranging from 0 to 51 % (Fig. 4) . Trans-hydroxy-L-proline condensed with cyclopentanone, tert-butyl isocyanide and methanol to form 1m with significantly lower yield than an analogous reaction for L-proline. This was due to the poor solubility of the amino acid in methanol. Higher yield was obtained when the solvent was changed to DMF/MeOH 1:1 (v/v). The amino acids containing aromatic amino groups, (S)-indolinecarboxylic acid and N-phenylglycine gave products 1n and 1o, respectively, with good yield. Surprisingly, the efficiency of the U-5C-4CR of L-pipecolic acid with cyclopentanone and tert-butyl isocyanide (product 1q) was significantly lower than that for homologous L-proline (Fig. 2, product 1f) . When the hindered isocyanide was replaced with its linear isomer, a twofold increase in yield of coupling adduct 1r was observed. Contrary to what had been observed with the formation of L-proline derivatives 1c and 1k (Fig. 2) , the reactions of L-pipecolic acid with bulky dibenzyl ketone and either tert-butyl or n-butyl isocyanide failed to proceed. This significant loss of reactivity could be ascribed to the greater steric bulk or increased conformational flexibility of this amino acid when compared with homologous L-proline.
Once the substrate scope and limitations of U-5C-4CR of secondary amino acids and symmetrical ketones had been determined, we turned our attention to analogous condensations of prochiral, unsymmetrical ketones (Fig. 5) . Initially, L-proline and tert-butyl isocyanide were used as coupling partners for 2-butanone, 3-methyl-2-butanone and 1-phenyl-2-propanone. As expected, the chemical yields of the corresponding adducts 1u, 1v and 1w were markedly higher than those for the derivatives of similar symmetrical ketones ( Fig. 2 , compounds 1b, 1d and 1c, respectively). Nonetheless, the same trend in reactivity was observed. The lowest yield was obtained for the 3-methyl-2-butanone adduct 1v, incorporating branched isopropyl chain. The yields of the condensation products of the remaining two ketones, 2-butanone and 1-phenyl-2-propanone (compounds 1u and 1w, respectively), were roughly equal. Similar to what had been observed for symmetrical ketones, changing tert-butyl isocyanide to a less bulky tosylmethyl or n-butyl isocyanide greatly enhanced formation of derivatives of the hindered 3-methyl-2-butanone ( Fig. 5, compounds 1x and 1v) .
The degree of diastereoinduction obtained for adducts 1u-z depended largely on the structure of the isocyanide input. The relatively high diastereoselectivity was observed for derivatives of hindered tert-butyl isocyanide 1u and 1v. Surprisingly, almost equal amounts of diastereoisomers were formed for 1w. When the isocyanide was changed to a less bulky tosylmethyl or n-butyl isocyanide, adducts 1x, 1y and 1z were formed with only modest or trace diastereoinduction.
We subsequently investigated the sense of diastereoinduction for products 1u, 1v and 1x. In accordance with the Ugi's pioneering report, the sense of diastereoinduction of U-5C-4CR of amino acids and aldehydes is (S, S) [19] , which was also confirmed by us and others [20, 28] . However, some reports have observed opposite diastereoselectivity [22, 24, 26, 27] , indicating that the stereochemical outcomes of U-5C-4CR may be highly sensitive to the nature of coupling reagents and reaction conditions. Since the rotation around the N-C 1 bond of the products 1 was unrestricted, the direct NOE measurements could not be considered diagnostic for determination of the relative configurations. Therefore, 1u, 1v and 1x 2 were converted 2 The differences in the 1 H and 13 C NMR spectra of the respective diastereomers of 1 were not consistent and did not allow for easy into the corresponding rigid, cyclic derivatives 3u, 3v and 3x (Schemes 2, 3 and 4, respectively).
Footnote 2 countinued differentiation. Therefore, the conversion to the corresponding cyclic forms was necessary in all cases. Determination of absolute chemistry of compounds 1w, 1y, 1z, for which the diastereoinduction was negligible, was not performed. NaOH (1 eq), EtOH rt, 5 min.
Scheme 3 Synthesis of cyclic derivatives (4R, 8aS)-3v and (4S, 8aS)-3v
Direct base-induced cyclocondensation of 1u and 1v to their corresponding N-tert-butylated imides failed. Therefore, N-detert-butylation/cyclocondensation sequence leading to N-unsubstituted cyclic derivatives was chosen as an alternative pathway (Schemes 2 and 3, respectively). The diastereomeric mixture of 1u was treated with BF 3 * 2CH 3 COOH at 50 • C to afford a chromatographically separable mixture of N-detert-butylated amidoester (2S, 1R)-2u 3 (10 %) and cyclic imides (4R, 8aS)-3u (44 %), (4S, 8aS)-3u (11 %). Subsequently, (2S, 1R)-2u was converted to (4R, 8aS)-3u upon treatment with base. The stereochemistries of (4R, 8aS)-3u and (4S, 8aS)-3u were determined by the observation of characteristic correlations in their NOESY spectra (Fig. 6) . Another spectroscopic feature which was useful for distinguishing between the respective diastereoisomers of 3u was the characteristic difference in the chemical shifts and shapes of multiplets of protons H-8a, H-6 and H -6. The above results indicated that the sense of diastereoinduction for the formation of 1u was (2S, 1R).
Unlike 1u, which produced the desired, separable cyclic derivatives 3u directly upon treatment with BF 3 * 2CH 3 COOH at 50 • C, the diastereomeric mixture of 1v gave (2S, 1R)-2v (12 %), (2S, 1S)-2v (34 %) and a chromatographically inseparable diastereomeric mixture of (4R, 8aS)-3v and (4S, 8aS)-3v (dr=30/70, 1 H NMR). However, the resulting amidoesters (2S, 1R)-2v and (2S, 1S)-2v could be chromatographically separated. They were subsequently treated with 1 eq. of NaOH to afford (4R, 8aS)-3v and (4S, 8aS)-3v, with chemical yields of 86 and 82 %, respectively. Relative configurations of the diastereomers of 3v were assigned by comparing their 1 H NMR spectra to those of (4R, 8aS)-3u and (4S, 8aS)-3u. Surprisingly, the sense of diastereoinduction for the formation of 1v was reversed compared to 1u.
In contrast to 1u and 1v, for which the base-induced cyclization failed, the respective diastereomers of 1x could be converted to the corresponding cyclic imides (4R, 8aS)-3x and (4S, 8aS)-3x directly upon treatment with 1 eq. NaOH in EtOH. The reaction was accompanied by the tosyl-ethoxyl exchange, which was in agreement with earlier observations made by van Leusen et al during their investigationsof tosyl- methyl isocyanide derivatives [29] . The configurations of (4R, 8aS)-3x and (4S, 8aS)-3x were assigned by analysis of characteristic patterns of their 1 H NMR spectra. In view of the above, (2S, 1R)-1x was the major isomer in the post reaction mixture, contrary to what had been assigned for 1v. The observed degree and sense of diastereoinduction observed for the formation of compounds 1u, 1v, 1w and 1x was not always consistent and could not be easily rationalized. In general, the stereochemical outcomes depended on the structure of both the isocyanide and the ketone inputs. Furthermore, the interactions of these two components with the rigid L-proline framework cannot be neglected. This was evaluated by the results of an additional experiment in which no diastereoselectivity was observed in the U-5C-4CR of bulky tert-butyl isocyanide, 2-butanone and conformationally flexible primary amino acid, L-phenylalanine (Scheme 5). Surprisingly, its secondary analogue, N-methyl-L-phenylalanine, failed to react under the same conditions.
Conclusions
Experimental results show that various symmetrical and unsymmetrical ketones can be successfully used as coupling partners for secondary amino acids in the course of the U-5-C-4CR. Outcomes of these condensations seemed to depend on the hindrance and the components employed. Even very subtle differences in coupling reagents caused significant changes of both yields and stereochemical outcomes. In most cases, the chemical yields were satisfactory in view of possible steric interactions in the U-5C-4CR zwitterionic intermediate. When unsymmetrical ketones were used as prochiral carbonyl inputs for coupling with bulky tert-butyl isocyanide, high diastereoselectivities were usually observed. Although the sense of diastereoinduction was not consistent and could not be easily rationalized, we believe that some more general conclusions could be drawn from adequately designed experiments combined with computational methods. Therefore, in our opinion the presented variation of components for U-5C-4CR is not only capable of expanding the molecular diversity generated by the reaction, but can also serve as a potential basis for investigations of its mechanism and diastereoselectivity, which still remain a subject of a debate.
Experimental section

General
The NMR spectra were obtained on a Varian VNMRS 300 MHz or Varian Inova 500 MHz spectrometer at room temperature. Chemical shifts (δ) were expressed in parts per million (ppm) relative to tetramethylsilane (TMS) or residual solvent peaks used as the internal references. The following abbreviations were used to describe the signal patterns: s 
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), p (pseudo-) and b (broad-). Coupling constants (J ) were in hertz (Hz
General procedure for the U-5C-4CR condensation
To a stirred solution of an α-amino acid (1.2 eq.) and ketone (1.0 eq.) in MeOH (5 mL per 1 mmol of ketone) titanium (IV) chloride (5 mol%) was added, followed by isocyanide (1.0 eq.). The mixture was stirred at room temperature for 3 days and the volatiles were removed under reduced pressure. The resulting crude products were purified by FC.
Methyl (2S)-1-(1-(tert-butylcarbamoyl)-1-methyl-1-ethyl)-pyrrolidine-2-carboxylate 1a
From L-proline ( 
Methyl (2S)-1-(1-(tert-butylcarbamoyl)-1-ethyl-1-propyl)-pyrrolidine-2-carboxylate 1b
Methyl (2S)-1-(1-(tert-butylcarbamoyl)-1-benzyl-3-phenyl-1-ethyl)-pyrrolidine-2-carboxylate 1c
From 5, 126.7, 127.9, 128.0, 130.79, 130.83, 136.9, 138.2 
Methyl (2S)-1-(1-(tert-butylcarbamoyl)-cyclohexyl)-pyrrolidine-2-carboxylate 1e
Methyl (2S)-1-(1-(tert-butylcarbamoyl)-cyclobutyl)-pyrrolidine-2-carboxylate 1g
Methyl (2S)-1-(4-(tert-butylcarbamoyl)-4-tetrahydropyranyl)-pyrrolidine-2-carboxylate 1h
From L-proline ( 24.7, 24.9, 31.2, 31.7, 36.2, 52.5 (OCH 3 ), 59.9, 60.9, 129.0, 129.9, 134.8, 668, 760, 1199, 1457, 1518, 1676, 1737, 2871, 2956 14.3, 20.6, 25.1, 25.6, 25.8, 32.2, 32.2, 32.4, 35.9, 39.4, 49.6 (C-5) Methyl (2S) -1-(1-(n-butylcarbamoyl)-1-benzyl-3-phenyl-1-ethyl 4, 36.6, 40.5, 50.7, 52.6, 57.7, 59.9, 70.6, 74.1, 176.5 (CONH) 1, 34.7, 38.0, 50.9, 53.1, 61.4, 72.4, 111.0, 118.9, 124.3, 127.5, 127.9, 
Methyl (N -(1-(tert-butylcarbamoyl)-cyclopentyl)-Nphenyl)-aminoacetate 1o
From N -phenylglycine ( 
Methyl (N -benzyl-N -(1-(tert-butylcarbamoyl)-cyclopentyl)-aminoacetate 1p
From N -benzylglycine (generated from N -benzylglycine hydrochloride (1.69 g, 10.08 mmol) and triethylamine ( 21.0, 24.7, 24.9, 26.3, 29.7, 32.2, 32.7 The diastereomeric mixture of the appropriate tert-butylamidoester was dissolved in BF• 3 2CH 3 COOH (∼36 % BF 3 basis, 10 mL per 1.5 mmol of the substrate), at 50 • C. The mixture was stirred for 6 h at 50 • C and subsequently at rt for 20 h. The resulting solution was slowly poured onto excess of crushed ice and 25 % aqueous solution of ammonia. The mixture was extracted with DCM (3×40 mL) and DCM/MeOH 3:1 (1×30 mL). The combined organic phase was washed with water (30 mL), dried over anhydrous MgSO 4 , filtered and concentrated under reduced pressure. The residue was purified by FC. From the diastereomeric mixture of (2S, 1R)-1u and
